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Aim  To  demonstrate  a  capacity  for  producing 
exopolysaccharides  (EPSs)  and  an  ability  to  form  bio¬ 
film  on  abiotic  materials  of  Actinomyces  oris  strain  K20. 
Methodology  The  productivity  of  EPSs  and  the 
ability  to  form  biofilm  of  strain  K20  were  evaluated 
by  measuring  viscosity  of  spent  culture  media  and  by 
scanning  electron  microscopy  (SEM)  and  the  biofilm 
assay  on  microtitre  plates,  respectively.  High-perfor¬ 
mance  liquid  chromatography  was  used  to  determine 
the  chemical  composition  of  the  viscous  materials.  To 
examine  the  role  of  the  viscous  materials  attributable 
to  the  pathogenicity  in  this  organism,  the  ability  of 
strain  K20  to  induce  abscess  formation  was  compared 
in  mice  to  that  of  ATCC  27044. 


Results  The  viscosity  of  the  spent  culture  media  of 
K20  was  significantly  higher  than  that  of  ATCC 
27044.  Strain  K20  showed  dense  meshwork  struc¬ 
tures  around  the  cells  and  formed  biolilms  on  microti¬ 
tre  plates,  whereas  ATCC  27044  did  not.  Chemical 
analysis  of  the  viscous  materials  revealed  that  they 
were  mainly  composed  of  neutral  sugars  with  man¬ 
nose  constituting  77.5%  of  the  polysaccharides.  Strain 
K20  induced  persistent  abscesses  in  mice  lasting  at 
least  5  days  at  a  concentration  of  108  cells  mL_1, 
whereas  abscesses  induced  by  ATCC  27044  healed 
and  disappeared  or  decreased  in  size  at  day  5. 
Conclusions  Strain  K20  produced  EPSs,  mainly  con¬ 
sisting  of  mannose,  and  formed  biolilms.  This  phenotype 
might  play  an  important  role  for  A.  oris  to  express  viru¬ 
lence  through  the  progression  of  apical  periodontitis. 
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Introduction 

Bacteria  remaining  in  the  apical  part  of  the  root  canal 
are  known  to  be  involved  in  the  development  of  apical 
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abscesses  (Nair  2006,  Siqueira  &  Rogas  2008); 
however,  it  is  still  unclear  how  these  bacteria  survive 
repeat  root  canal  treatments.  The  ability  to  produce  exo¬ 
polysaccharides  (EPSs)  could  contribute  to  their  survival 
and  the  development  of  persistent  infections  in  the 
human  body  (Costerton  et  al.  1999).  For  example,  algi¬ 
nate  is  one  of  several  biofilm  matrices  produced  by  Pseu¬ 
domonas  aeruginosa,  a  prototype  biofilm-forming 
bacterium,  and  is  responsible  for  the  persistence  (Ryder 
et  al.  2007)  and  antibiotic  tolerance  of  this  organism  in 
the  airway  of  patients  with  cystic  fibrosis  (Shankar  et  al. 
1995).  Accumulated  evidence  emphasizes  that  EPSs 
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production  of  oral  bacteria  is  associated  with  persistent 
infections  in  the  oral  cavity  (Yamane  et  al.  2009, 
2010,  Yamanaka  et  al.  2010).  Capnocytophaga  ochracea 
found  in  periodontal  disease  has  been  shown  to  pro¬ 
duce  mannose-rich  EPS  that  can  suppress  murine  lym¬ 
phocyte  mitogen  responses  and  activate  human 
complement  response  (Bolton  &  Dyer  1983,  1986, 
Dyer  &  Bolton  1985).  It  was  reported  that  some  clinical 
isolates  of  Prevotella  intermedia  and  P.  nigrescens  iso¬ 
lated  from  chronic  periodontitis  lesions  produce  EPSs  in 
a  sucrose-independent  manner  and  form  biofilms  that 
contribute  to  their  virulence  (Fukushima  et  al.  1992, 
Yamane  et  al.  2005,  Yamanaka  et  al.  2009).  Clinical 
strains  of  Bacillus  subtilis,  Rothia  mucilaginosa  and  Esc¬ 
herichia  hermannii  isolated  from  persistent  periapical 
lesions  have  an  ability  to  produce  self-synthesized  EPSs, 
suggesting  that  these  organisms  can  cause  a  persistent 
biofilm  infection  in  the  apical  region  of  root  canal  (Ya¬ 
mane  et  al.  2009.  2010,  Yamanaka  et  al.  2010).  Previ¬ 
ous  studies  using  scanning  electron  microscopy  (SEM) 
revealed  that  a  significant  number  of  microorganisms 
were  embedded  in  the  extracellular  polymeric  sub¬ 
stances  in  apical  periodontitis  lesions  (Fukushima  et  al. 
1990,  Nair  2006,  Rocha  et  al.  2008).  These  studies 
also  suggested  that  EPSs-producing  bacteria  in  the  peri¬ 
apical  lesion  play  an  important  role  in  the  recurrence 
of  acute  apical  periodontitis  or  in  the  development  of 
abscess  lesions  from  asymptomatic  apical  pathosis. 

In  this  study,  the  unique  characteristics  of  Actinomyces 
oris  strain  K20  that  was  isolated  as  a  dominant  bacterium 
in  an  apical  abscess  lesion  and  has  been  maintained  in  a 
culture  collection  since  its  initial  isolation  have  been 
described.  This  strain  spontaneously  formed  mucoid-type 
colonies  despite  subculturing  under  laboratory  condition 
and  produces  viscous  materials  in  spent  culture  medium. 
Here,  the  physical  characteristic  (viscosity)  and  chemical 
nature  of  the  EPS  produced  by  this  organism,  its  ability  to 
form  biofilm  and  its  pathogenicity  as  determined  by 
abscess  formation  in  mice,  were  characterized.  Addition¬ 
ally.  re-identification  was  performed  on  this  clinical  strain 
because  it  has  been  reported  that  strains  of  A.  naeslundii, 
A.  viscosus,  A.  johnsonii  and  A.  oris  cannot  be  identified 
by  conventional  phenotype  testing  and  16S  ribosomal 
ribonucleic  acid  (rRNA)  sequencing  (Henssge  et  al.  2009). 

Materials  and  methods 

Bacteria 

A  clinically  isolated  A.  oris  strain  K20  from  an  apical 
abscess  lesion  was  used.  Strain  K20  was  found  to  be 


one  of  the  dominant  bacteria  in  an  oral  abscess  lesion 
and  identified  as  A.  oris  by  phylogenetic  analysis.  The 
isolation  of  a  bacterium  from  an  apical  abscess  was 
performed  according  to  routine  procedures  as  follows: 
The  patient  was  asked  to  rinse  the  mouth  with  0.2% 
chlorhexidine  solution  for  30  s.  The  apical  abscess 
(submucosa  abscess)  was  then  isolated  with  sterile  cot¬ 
ton  wool  rolls,  and  the  overlying  mucosa  was  wiped 
with  a  cotton  wool  bud  soaked  in  0.2%  chlorhexidine 
solution.  The  suppuration  sample  was  collected  from 
the  apical  abscess  by  aspiration  with  a  sterile  21 -gauge 
needle.  The  sample  was  diluted  with  0.1  mol  phos¬ 
phate-buffered  saline  (PBS)  and  plated  on  anaerobe  5% 
sheep  blood  agar  plates  (BAPs)  formulated  by  the 
Center  for  Disease  Control  (BBL  Microbiology  Systems, 
Cockeysville,  MD,  USA).  The  inoculated  plates  were 
incubated  anaerobically  with  the  atmosphere  com¬ 
posed  of  10%  carbon  dioxide  (CCD),  10%  hydrogen 
(H2)  and  80%  nitrogen  (N2)  in  an  anaerobic  chamber 
(ANX-3.  Hirasawa,  Tokyo,  Japan)  or  aerobically  at 
37  °C  for  24-72  h.  Grown  colonies  were  used  to 
recover  biolilm-forming  bacteria.  The  samplings  of  bac¬ 
teria  were  from  patients  who  were  referred  to  the 
Department  of  Endodontics  at  Osaka  Dental  University 
Hospital  and  approved  by  the  ethics  committee  of 
Osaka  Dental  University  (Ethics  Committee  Approval 
No.  060641).  Informed  consent  was  obtained  from  the 
patients  after  the  nature  of  the  procedure,  possible 
discomfort  and  risks  had  been  fully  explained. 

Re-identification  of  strain  K20  by  phylogenetic 
analysis  using  atpA  sequence 

Strain  K20  was  presumptively  identified  as  A.  viscosus 
by  16S  rRNA  gene  sequencing  and  catalase  productivity 
(Ellen  1976).  However,  a  recent  study  suggested  that 
partial  sequences  of  two  housekeeping  genes  (atpA  and 
metG)  can  separate  A.  naeslundii  genospecies  1,  genospe- 
cies  2  (including  A.  viscosus  serotype  2)  and  genospecies 
3  (Henssge  et  al.  2009).  Therefore,  pyrosequencing  of 
strain  K20  genome  was  performed  to  obtain  data  neces¬ 
sary  for  re-identification  of  this  organism.  A  draft  gen¬ 
ome  sequence  of  strain  K20  was  determined  with  a 
combined  strategy  of  454-pyrosequencing  and  paired- 
end  sequencing  using  the  Roche  Genome  Sequencer 
FLX  System  (Roche  Diagnostics,  Tokyo,  Japan)  and 
Applied  Biosystem  3730  DNA  (deoxyribonucleic  acid) 
Analyzer  (Applied  Biosystems,  Tokyo,  Japan).  The 
sequence  data  were  assembled  with  GS  De  Novo  Assem¬ 
bler  Software  (version  1.1.03.24)  (Roche  Diagnostics) 
and  deposited  in  the  databases  of  the  DNA  Data  Bank 


International  Endodontic  Journal,  46,  145-154,  2013 


2012  International  Endodontic  Journal 


Yamane  et  al.  EPS-producing  A.  oris 


of  Japan  (DDBJ)  (accession  number:  BABV010000 
01-BABV01000771,  http://www.ddbi.nig.ac.jp/index-e. 
html). 

Phylogenetic  analysis  was  performed  by  using  the 
sequence  of  the  housekeeping  gene  atpA  (ATP  synthase 
FI  alpha  subunit:  accession  number:  AB573870,  DDBJ) 
and  the  data  set  of  atpA  for  Actinomyces  as  described  else¬ 
where  (Henssge  et  al.  2009).  The  nucleotide  sequences 
of  atpA  were  aligned  by  MAFFT  (version  6)  with  FFT- 
NS-I  option  (Katoh  &  Toll  2010).  Then,  a  neighbour-join¬ 
ing  tree  was  constructed  using  Jukes-Cantor  distance 
matrices.  Bootstrap  values  were  determined  with  500 
replicates.  A  phylogenetic  tree  constructed  in  this  study 
indicated  that  strain  K20  belonged  to  the  A.  oris  clade 
with  high  bootstrap  values  (Fig.  1).  Therefore,  A.  oris 
ATCC  27044  (an  ATCC  type  strain  for  A.  oris )  was  cho¬ 
sen  as  a  reference  strain  for  comparison  in  this  study. 

Viscosity  of  spent  culture  media 

The  viscous  material-  or  EPS-producing  ability  of 
strains  K20  and  ATCC  27044  was  first  evaluated  by 
measuring  the  viscosity  of  spent  culture  media. 
Strains  K20  and  ATCC  27044  were  grown  in  tryptic 
soy  broth  (TSB)  for  20  h.  For  the  viscosity  measure¬ 
ment,  an  automated  microviscometer  (AMVn)  (Anton 
Paar,  Graz,  Austria)  was  used  in  accordance  with  the 
manual  provided  by  the  manufacturer.  The  culture 
supernatant  was  filled  into  a  glass  capillary  and  main¬ 
tained  at  20  °C.  The  measurement  was  performed  five 
times  on  each  sample,  and  the  results  of  four  indepen¬ 
dent  cultures  were  averaged  to  give  the  final  value. 

SEM  observation 

SEM  was  used  to  observe  the  cell  surface  structure  of 
strains  K20  and  ATCC  27044.  Each  strain  grown  on  a 
BAP  aerobically  for  24  h  was  collected  on  a  piece  of 
filter  paper  (Glass  fiber  GA55,  Toyo  Roshi,  Tokyo, 
Japan)  and  fixed  with  2%  glutaraldehyde  in  0.1  mol 
IT1  PBS  (Nissui  Pharmaceutical,  Tokyo,  Japan)  for  2  h 
followed  by  1%  osmium  tetroxide  (OSO4)  in  0.1  mol 
IT1  PBS  for  1  h  at  4  °C.  Samples  were  dehydrated  and 
followed  by  platinum  ion  coating  (E-1030,  Hitachi, 
Tokyo,  Japan).  Specimens  were  examined  with  an  SEM 
(S-4800.  Hitachi)  at  an  accelerating  voltage  of  1  kV. 

Biofilm  assay 

The  ability  to  form  biofilm  was  determined  as  described 
previously  (O'Toole  et  al  2000).  Briefly,  strains  K20  and 


ATCC  27044  were  inoculated  into  1  mL  of  Actinomyces 
broth  (BBL  Microbiology  Systems)  in  24-well  flat-bot¬ 
tomed  microplates  (AGC  Techno  Glass,  Chiba,  Japan)  at 
a  concentration  of  10'  CFU  per  well.  The  plates  were 
incubated  statically  for  2  days  at  37  °C  without  shaking 
to  establish  biofilms.  Unbound  cells  were  removed  by 
inversion  of  the  microplate  and  tapping  on  an  absorbent 
paper  towel.  Adherent  cells  were  then  stained  with  0.1% 
crystal  violet  for  15  min.  Excess  stain  was  removed  by 
washing  with  PBS.  The  stained  wells  were  recorded 
photographically  using  a  camera  set  (PC1089,  Canon, 
Tokyo,  Japan).  The  crystal  violet  was  then  solubilized  by 
the  addition  of  95%  ethanol,  and  absorbance  at  570  nm 
was  measured  by  spectrophotometer  U-2000  (Hitachi). 
Quadricate  wells  for  each  strain  were  measured,  and  the 
experiments  were  performed  in  triplicate. 

Preparation  of  EPSs 

The  EPS  (viscous  materials)  was  prepared  from  culture 
supernatants  by  the  method  described  by  Campbell  & 
Pappenheimer  (1966).  Briefly,  strains  K20  and  ATCC 
27044  were  grown  at  37  °C  in  TSB  for  24  h,  respec¬ 
tively.  Supernatants  were  separated  by  centrifuging  the 
liquid  culture  at  8,000  rpm  for  30  min,  and  sodium  ace¬ 
tate  was  added  to  supernatants  at  a  final  concentration  of 
5%.  The  mixture  was  stirred  for  30  min  at  22  °C,  and 
the  EPS  was  isolated  by  ethanol  precipitation  from  the 
reaction  mixture.  The  ethanol-precipitated  material 
was  collected  by  centrifugation  (12,000  rpm  for 
15  min,  at  22  °C),  resolved  in  5%  sodium  acetate 
and  then  treated  with  chloroform- 1 -butanol  (1:5,  by 
volume).  Water-soluble  and  chloroform-butanol  layers 
were  separated  by  centrifugation,  equal  amounts  of 
ethanol  were  added  to  the  water-soluble  layer,  and  the 
ethanol-precipitated  material  was  freeze-dried  until  use. 

High-performance  liquid  chromatography  (HPLC) 
analysis  of  EPSs 

Neutral  monosaccharides  were  released  from  purified 
EPS  (5  mg)  by  hydrolysis  in  a  sealed  tube  with  2  N 
trifluoroacetic  acid  (200  mL)  at  100  °C  for  6  h.  The 
hydrolysate  was  concentrated  in  vacuo  and  dissolved 
in  500  mL  of  distilled  water.  The  sugars  were  identi¬ 
fied  by  HPLC  (LC-9A,  Shimadzu,  Kyoto,  Japan)  with  a 
TSKgel®  sugar  AXG  column  (15  cm  x  4.6  mm)  (Tos¬ 
oh,  Tokyo.  Japan)  using  0.5  mol  L_1  potassium 
tetraborate  buffer  (pH  8.7)  as  a  carrier  at  a  flow  rate 
of  0.4  mL  min-1  and  a  column  temperature  of  70  °C. 
The  amount  of  extracellular  DNA  in  purified  viscous 
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A.  naeslundii 


A.  viscosus 
A.  johnsonii 


Figure  1  Phylogenetic  tree  based  on  atpA  region  for  Actinomyces  species.  A  data  set  provided  by  Henssge  et  al.  (2009)  was 
used  (accession  numbers  are  indicated  at  the  tree).  Four  clusters,  each  cluster  containing  a  representative  type  strain  (asterisk), 
were  marked.  The  scale  bar  represents  a  difference  of  0.002  substitution  per  site. 


materials  or  EPSs  (1  mg)  was  determined  by  absor¬ 
bance  measurement  at  190-360  nm  with  a  U-2001 
spectrophotometer  (Hitachi). 

Animal  study 

Strains  K20  and  ATCC  27044  were  grown  in  TSB  for 
48  h.  The  optical  density  of  each  bacterial  culture 


was  measured  at  600  nm,  and  their  cell  concentra¬ 
tions  were  adjusted  to  5.0  x  10s  CFU  mLT1  accord¬ 
ing  to  a  standard  curve.  A  total  of  500  (iL  of  bacteria 
was  injected  subcutaneously  into  the  inguinal  region 
of  each  BALB/c  mouse  (male,  4  weeks,  five  mice  per 
strain).  The  development  of  abscess  lesions  was 
recorded  photographically  using  a  camera  (Nikon  Fill, 
Nikon,  Tokyo,  Japan)  set  at  a  fixed  magnification  for 
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five  consecutive  days.  Sizes  of  abscess  areas  were 
determined  with  Photoshop  (version  7.0,  Adobe,  San 
Jose,  USA)  and  expressed  in  number  of  pixels.  Statisti¬ 
cal  analysis  was  performed  with  Student's  t-test.  This 
examination  was  repeated  three  times.  The  animal 
protocol  used  in  this  study  was  approved  by  the  Ani¬ 
mal  Research  Committee  of  Osaka  Dental  University 
(Confirmation  numbers  05-21001  and  06-05003). 

Results 

Re-identification  of  strain  K20 

The  phylogenetic  tree  constructed  with  the  data  set  of 
atpA  for  Actinomyces  spp.  (Henssge  et  al.  2009)  and 
the  sequence  of  atpA  of  strain  K20  obtained  by  the 
genome  pyrosequencing  of  strain  K20  indicated  that 
it  belonged  to  the  A.  oris  clade  as  described  previously 
(Fig.  1). 

Viscosity  of  spent  culture  medium 

The  viscosity  of  the  spent  culture  medium  obtained 
from  strain  K20  cultures  was  significantly  higher 
than  that  of  the  control  TSB  medium  or  ATCC  27044 
cultures  (Fig.  2). 

Chemical  compositions  of  viscous  materials  (EPSs) 

Chemical  analyses  showed  that  the  purified  viscous 
materials  obtained  from  strain  K20  were  composed  of 
neutral  sugars  with  mannose  constituting  77.5%  of 
sugars  recovered  from  the  culture  supernatant 
(Table  1),  suggesting  that  these  materials  are  EPSs. 
This  fraction  did  not  contain  extracellular  DNA  at  a 
substantial  level  (data  not  shown).  Viscous  materials 
were  not  isolated  from  the  spent  culture  of  ATCC 
27044  at  a  substantial  level. 

SEM  observation  of  cell  surface  structures 

SEM  revealed  that  strain  K20,  but  not  ATCC  27044, 
had  dense  meshwork-like  structures  around  the  cells 
(Fig.  3). 

Biofilm  formation  in  microtitre  plates 

The  ability  to  form  biofilm  was  investigated  for 
strains  K20  and  ATCC  27044  using  a  crystal  violet 
microtitre  plate  assay.  Figures  4  (a,b)  show  that 
strain  K20  was  able  to  form  biofilm  on  polystyrene 


Medium  Strain  Strain  K20 

ATCC27044 


Figure  2  Viscosities  of  spent  culture  media  obtained  from 
strains  K20  (a  clinical  isolate  from  an  apical  abscess  lesion) 
and  ATCC  27044  (a  reference  strain  for  Actinomyces  oris). 
Medium:  control  tryptic  soy  broth  without  bacterial  inocula¬ 
tion.  Statistical  analysis  was  performed  with  Student's  t-test. 
*P  <  0.05. 


Table  1  Sugar  composition  of  exopolysaccharides  isolated 
from  strain  K20 


Neutral  sugars 

Contents  (jig) 

Content  ratio  (%) 

Mannose 

165.31 

77.5 

Glucose 

21.71 

10.2 

Ribose 

13.28 

6.2 

Galactose 

6.15 

2.9 

Fructose 

3.32 

1.6 

Xylose 

2.10 

1.0 

Arabinose 

1.14 

0.5 

Rhamnose 

<1.00 

<0.5 

Total 

213.28 

100 

plates,  whereas  ATCC  27044  showed  poor  biofilm 
formation.  Quantitative  analysis  measuring  the  opti¬ 
cal  density  of  destained  biofilms  at  570  nm  revealed 
that  the  ability  of  strain  K20  to  form  biofilm  was 
significantly  greater  than  that  of  ATCC  27044 
(Fig.  4c). 

Animal  study 

Two  days  after  the  injection  of  suspended  bacterial 
cells  at  a  concentration  of  108  CFU  mL_1,  strains  K20 
and  ATCC  27044  induced  distinct  abscesses  in  mice 
(Fig.  5a, b).  The  abscesses  induced  by  strain  K20  lasted 
at  least  5  days  in  all  mice,  whereas  the  abscess  lesions 
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Figure  3  Scanning  electron  micrographs  showing  the  sur¬ 
face  structure  of  Actinomyces  oris  strains  K20  (a)  and  ATCC 
27044  (b).  Meshwork-like  structures  were  found  on  the  cell 
surfaces  of  strain  K20  (a),  but  not  on  strain  ATCC  27044 
(b).  Bars  =  2.0  pm. 

induced  by  ATCC  27044  healed  and  disappeared  in 
three  of  five  mice  or  decreased  in  size  in  the  other  two 
mice  at  day  5  (Fig.  5c. d).  The  average  abscess  size 
induced  by  strain  K20  at  day  5  was  significantly  larger 
than  that  of  ATCC  27044  (Fig.  5e). 

Discussion 

Actinomyces  spp.  are  predominant  members  of  human 
oral  commensal  microbiota  and  are  known  as  initial 
colonizers  on  tooth  surfaces  (Nyvad  &  Kilian  1987, 
Kolenbrander  et  al.  2005,  Diaz  et  al.  2006).  Oral  Acti- 
nomyces  spp.  are  branching,  non-spore-forming  rods 
that  belong  to  the  high  G  +  C  division  of  Gram-posi¬ 
tive  bacteria.  On  the  basis  of  16S  rRNA  gene  sequenc¬ 
ing  and  DNA-DNA  relatedness,  six  oral  Actinomyces 
spp.  (A.  georgiae,  A.  odontolyticus,  A.  israelii,  A.  geren- 
cseriae,  A.  meyeri  and  A.  naeslundii  genospecies  I,  II 
and  III)  have  been  recognized  (Tanner  et  al.  1994). 
The  identification  of  A.  naeslundii  strains,  including 


Strain  K20  Strain  ATCC27044 


Figure  4  Biofilm  formations  on  microtitre  plates.  Crystal  vio¬ 
let  was  used  to  stain  biofilm  materials.  Strain  IC20  formed 
thick  biofilm  in  the  well  (a),  but  ATCC  27044  did  not  (b). 
The  quantitative  analysis  of  biofilm  production  measured  the 
optical  density  of  destained  biofilms  at  570  nm  (c).  Statistical 
analysis  was  performed  with  Student's  t-test.  Bars  indicate 
standard  deviation.  *P  <  0.01.  The  data  represent  one  of 
three  independent  experiments. 

A.  viscosus  serotype  2  strains,  had  been  problematic 
because  neither  16S  rRNA  gene  sequencing  nor  bio¬ 
chemical  tests  can  differentiate  these  three  genospe¬ 
cies.  Recently,  Henssge  et  al.  (2009)  demonstrated 
that  the  partial  sequences  of  two  housekeeping  genes 
(atpA  and  metG)  can  separate  three  A.  naeslundii  geno¬ 
species.  They  proposed  the  name  A.  oris  for  A.  naes¬ 
lundii  genospecies  If  and  the  name  A.  jolmsonii  for 
A.  naeslundii  genospecies  III  (genospecies  WVA  963). 
In  this  classification,  A.  naeslundii  genospecies  I 
remains  as  A.  naeslundii.  According  to  this  classifica¬ 
tion,  strain  K20  was  re-identified  as  A.  oris. 

In  persistent  apical  periodontitis  lesions,  actinomy¬ 
cosis  has  been  known  as  an  important  cause  (Nair  & 
Schroeder  1984),  and  several  oral  Actinomyces  spp. 
such  as  A.  israelii  (Nair  2006),  A.  radicidentis  (Collins 
et  al.  2000,  Kalfas  et  al.  2001)  and  A.  naeslundii 
(Happonen  et  al.  1985)  are  frequently  isolated  from 
human  apical  periodontitis  lesions.  Figdor  et  al. 
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Figure  5  Abscess  induction  in  mice  by  strains  K20  and 
ATCC  27044.  Two  days  after  the  injection  of  suspended  bac¬ 
terial  cells  at  a  concentration  of  10s  CFU  ml,  1 ,  strains  K20 
and  ATCC  27044  induced  distinct  abscesses  in  mice  (a,b). 
Persistent  abscesses  (white  arrows)  were  observed  at  day  5 
(c).  In  contrast,  the  abscess  lesions  induced  by  ATCC  27044 
decreased  in  size  or  cured  and  disappeared  (d).  The  average 
abscess  size  induced  by  strain  K20  was  significantly  larger 
than  that  of  ATCC  27044  (e).  Statistical  analysis  was  per¬ 
formed  with  Student's  t-test.  *P  <  0.05. 

(1992)  demonstrated  that  the  pathogenicity  of 
A.  israelii  isolated  from  a  case  of  failed  endodontic 
therapy  (Sundqvist  &  Reuterving  1980)  was  because 
of  its  ability  to  establish  characteristic  cohesive  colo¬ 
nies  consisting  of  cells  enmeshed  in  an  extracellular 
matrix.  The  organisms  existing  in  such  colonies  can 
collectively  evade  destruction  and  elimination  by  host 
phagocytic  cells.  A  recent  study  demonstrated  the 
capacity  of  A.  israelii  to  produce  EPSs  and  to  form  bio¬ 
film  in  vitro  on  copper  surfaces  of  intrauterine 


contraceptive  devices  immersed  in  a  simulated  uterine 
fluid  under  anaerobic  conditions  (Carrillo  et  al.  2010). 
Actinomyces  radicidentis  is  known  to  form  biofilms,  in 
which  bacteria  seem  to  be  embedded  in  the  extracel¬ 
lular  matrix  and  exhibit  antiphagocytic  activity 
against  rat  neutrophils  (Nair  et  al.  2008).  Actinomyces 
meyeri,  the  cause  of  various  actinomycosis  or  abscess 
lesions  (Apotheloz  &  Regamey  1996,  Liaudet  et  al. 
1996),  was  also  found  in  periapical  lesions  refractory 
to  endodontic  therapy  (Sunde  et  al.  2002). 

The  present  study  found  that  A.  oris  strain  K20  has 
a  capacity  to  produce  EPSs  in  liquid  culture  condition 
as  viscous  materials  and  meshwork  structures  around 
the  cells  on  agar  plates.  These  activities  are  similar  to 
those  of  slime-producing  bacteria  with  biofilm-forming 
ability  such  as  P.  aeruginosa  (Kobayashi  1995,  Yasu- 
da  et  al.  1999),  Salmonella  enterica  Serovar  Typhimu- 
rium  (Anriany  et  al.  2001),  Staphylococcus  epidermidis 
(Vuong  et  al.  2004)  and  Vibrio  cholerae  (Wai  et  al. 
1998).  Considering  the  fact  that  ATCC  27044,  a  type 
strain  for  A.  oris,  which  lacks  an  ability  to  produce 
EPS  at  a  substantial  level  and  does  not  form  mesh¬ 
work  on  its  cell  surface,  failed  to  form  apparent  bio¬ 
film  on  microtitre  plates  and  could  not  induce 
persistent  abscess  lesions  in  mice,  the  self-synthesized 
polysaccharide  seems  to  be  important  to  biofilm  for¬ 
mation  on  abiotic  materials  as  well  as  to  the  pathoge¬ 
nicity  of  A.  oris  strain  K20.  It  is  important  to  note 
that  other  constituents  such  as  extracellular  nucleic 
acids  (Wu  &  Xi  2009)  or  secreted  proteins  (Latasa 
et  al.  2006)  found  in  other  organisms  are  also  used 
as  part  of  the  biolilm  matrix  that  are  essential  in  their 
biolilm  development.  Similar  tubule-like  structures  are 
formed  by  bacterial  nanotubes  (Dubey  &  Ben-Yehuda 
2011)  or  amyloids  (Dueholm  et  al.  2010).  Sev¬ 
eral  Actinomyces  spp.  are  armed  with  type  1  and  type 
2  fimbriae  for  being  able  to  adhere  to  a  host  surface, 
and  fimbriated  strains  including  A.  naeslundii  genospe- 
cies  1  (A.  naeslundii),  genospecies  2  (A.  oris)  and  A.  vi- 
scosus  exert  higher  cell  surface  interactive  force  than 
those  devoid  of  fimbriae  (Tang  et  al.  2004).  Therefore, 
how  the  EPSs  produced  by  A.  oris  interacts  with  other 
cell  surface  structures  and  how  many  structural  ele¬ 
ments  contribute  to  the  establishment  of  persistent 
infection  caused  by  A.  oris  are  still  to  be  elucidated.  A 
study  in  the  early  1970s  clearly  showed  that  the 
addition  of  slime  from  P.  aeruginosa  cultures  to  E.  coli 
or  Staphylococcus  aureus  dramatically  inhibited  phago¬ 
cytosis  by  neutrophils  (Schwarzmann  &  Boring 
1971).  As  described  previously,  it  has  also  reported 
that  a  clinical  isolate  of  P.  nigrescens,  which  has  the 
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ability  to  produce  a  copious  amount  of  EPS,  is  far 
more  potent  in  causing  abscess  formation  in  mice  and 
far  more  resistant  to  the  phagocytic  activity  of  human 
polymorphonuclear  leucocytes  than  the  chemically 
induced  mutant  that  lacked  the  EPS  (Yamane  et  al. 
2005).  When  the  purified  EPS  from  the  biofilm-form- 
ing  strain  of  P.  nigrescens  was  added  to  the  cultures  of 
a  biofilm-non-forming  mutant,  these  cells  exhibit  the 
presence  of  these  meshwork  structures  on  their  sur¬ 
faces  and  demonstrate  the  ability  to  induce  abscess 
formation  in  mice  (Yamane  et  al.  2 005).  As  A.  israelii 
packed  in  alginate  gel  induced  actinomycotic  lesions 
in  mice  efficiently,  but  a  bacterial  suspension  without 
alginate  or  gel  particles  without  bacteria  did  not 
induce  lesions  (Sumita  et  al.  1998),  it  seems  that 
polysaccharide  coating  of  bacterial  mass  might  deter¬ 
mine  the  persistence  of  Actinomyces  spp.  in  the  host 
as  described  in  many  pathogens  (Costerton  et  al. 
1987). 

Although  the  bacteria  in  biofilms  are  considered  to 
be  dormant  in  general,  it  is  conceivable  that  Actino¬ 
myces  spp.  have  another  strategy  to  survive  when  the 
nutrients  are  scarce  such  as  in  apical  lesions.  Paddick 
et  al.  (2005)  showed  that  A.  oris  (A.  naesulundii  geno- 
species  2)  together  with  Streptococcus  oralis.  Streptococ¬ 
cus  mitis  and  Streptococcus  intermedius  form  the  bulk 
of  the  microbiota  that  are  present  in  dentine  samples 
beneath  the  restoration  for  5  months.  Actinomyces 
oris  in  the  5-month-old  dentine  samples  was  positive 
for  sialidase,  (3-galactosidase  and  N-acetyl-P-glucosa- 
minidase  activities  (Paddick  et  al.  2005).  The  com¬ 
plete  function  of  sialidase  of  this  organism  is  not  fully 
understood.  Recent  studies  suggested  that  this  enzyme 
could  provide  nutrients  to  the  cells  by  liberating  sialic 
acid  from  glycans  (Paddick  et  al.  2005.  Do  et  al. 
2008)  and  mediate  the  adhesion  of  the  bacteria  to 
host  tissues  by  exposing  the  galactose  residues  of 
glycoprotein  glycans  that  are  present  on  mucosal 
surfaces  (Ruhl  et  al.  2000,  Do  et  al.  2008).  The 
importance  of  A.  oris  type  2  fimbriae,  which  possess 
the  lectin-like  activity,  in  biofilm  formation  and 
co-aggregation  has  been  vigorously  studied  (Yeung 
1999,  Mishra  et  al.  2010). 

The  factors  controlling  the  establishment  of  bacte¬ 
rial  biofilm  in  the  periapical  lesion  that  can  lead  to 
the  recurrence  of  an  acute  abscess  lesion  in  the  site 
appear  to  be  complex.  Further  thorough  investiga¬ 
tions  are  needed  to  elucidate  the  nature  of  biofilm 
matrices,  extracellular  enzymatic  activities  and  the 
interaction  between  the  host  and  A.  oris  in  the  apical 
abscess  lesion. 


Conclusions 

Taken  together,  the  results  in  this  study  suggest  that 
the  EPS  productivity  of  A.  oris  strain  K20  affects  its 
pathogenicity  and  that  this  organism  could  be 
involved  in  the  development  of  apical  abscess  lesions. 

Acknowledgements 

We  would  like  to  thank  Mr.  Hideaki  Hori  for  his 
excellent  assistance  with  the  electron  microscopy. 
This  study  was  performed  at  the  Institute  of  Dental 
Research,  Osaka  Dental  University,  and  supported  in 
part  by  the  Osaka  Dental  University  Joint  Research 
Funds  (B08-01)  and  JSPS  KAKENHI  Grant  Number 
23592724,  23792118,  24791975  and  80368159. 

References 

Anriany  YA.  Weiner  RM,  Johnson  JA.  De  Rezende  CE.  Joseph 
SW  (2001)  Salmonella  enterica  serovar  Typhimurium 
DTI  04  displays  a  rugose  phenotype.  Applied  and  Environ¬ 
mental  Microbiology  67.  4048-56. 

Apotheloz  C,  Regamey  C  (1996)  Disseminated  infection  due 
to  Actinomyces  meyeri:  case  report  and  review.  Clinical 
Infectious  Diseases  22.  621-5. 

Bolton  RW,  Dyer  JK  (1986)  Human  complement  activation 
by  purified  Capnocytophaga  exopolysaccharide.  Measure¬ 
ment  by  radioimmunoassay.  Journal  of  Periodontal  Research 
21,  634-9. 

Bolton  RW.  Dyer  JK  (1983)  Suppression  of  murine  lympho¬ 
cyte  mitogen  responses  by  exopolysaccharide  from  Capno¬ 
cytophaga  ochracea.  Infection  and  Immunity  39.  476-9. 
Campbell  JH,  Pappenheimer  AM  Jr  (1966)  Quantitative  stud¬ 
ies  of  the  specificity  of  anti-pneumococcal  polysaccharide 
antibodies,  types  III  and  VIII-I  isolation  of  oligosaccharides 
from  acid  and  from  enzymatic  hydrolysates  of  S3  and  S8. 
I mmunochemistry  3.  195-212. 

Carrillo  M.  Valdez  B,  Vargas  L,  et  al.  (2010)  In  vitro  Actino¬ 
myces  israelii  biofilm  development  on  IUD  copper  surfaces. 
Contraception  81,  261-4. 

Collins  MD,  Hoyles  L.  Kalfas  S,  et  al.  (2000)  Characterization 
of  Actinomyces  isolates  from  infected  root  canals  of  teeth: 
description  of  Actinomyces  radicidentis  sp.  nov.  Journal  of 
Clinical  Microbiology  38.  3399-403. 

Costerton  JW,  Cheng  K-J.  Geesey  GG,  et  al.  (1987)  Bacterial 
biofilms  in  nature  and  disease.  Annual  Review  of  Microbiol¬ 
ogy  41,  43  5-64. 

Costerton  JW,  Stewart  PS,  Greenberg  EP  (1999)  Bacterial 
biofilms:  a  common  cause  of  persistent  infections.  Science 
21.  1318-22. 

Davies  D  (2003)  Understanding  biofilm  resistance  to 
antibacterial  agents.  Nature  Reviews.  Drug  Discovery  2. 
114-22. 


International  Endodontic  Journal,  46,  145-154,  2013 


2012  International  Endodontic  Journal 


Yamane  et  al.  EPS-producing  A.  oris 


Do  T,  Henssge  U,  Gilbert  SC,  Clark  D,  Beighton  D  (2008)  Evi¬ 
dence  for  recombination  between  a  sialidase  ( ncmH )  of 
Actinomyces  naeslundii  and  Actinomyces  oris,  previously 
named  'Actinomyces  naeslundii  genospecies  1  and  2'.  FE MS 
Microbiology  Letters  288,  156-62. 

Diaz  PI,  Chalmers  NI,  Rickard  AH,  et  al.  (2006)  Molecular 
characterization  of  subject-specific  oral  microflora  during 
initial  colonization  of  enamel.  Applied  and  Environmental 
Microbiology  72,  2837-48. 

Dubey  GP,  Ben-Yehuda  S  (2011)  Intercellular  nanotubes 
mediate  bacterial  communication.  Cell  144.  590-600. 

Dueholm  MS,  Petersen  SV,  Sonderkrer  M,  et  al.  (2010)  Func¬ 
tional  amyloid  in  Pseudomonas.  Molecular  Microbiology  77. 
1009-20. 

Dyer  JK,  Bolton  RW  (198  5)  Purification  and  chemical 
characterization  of  an  exopolysaccharide  isolated  from 
Capnocytophaga  ochracea.  Canadian  Journal  of  Microbiology 
31,  1-5. 

Ellen  RP  (1976)  Establishment  and  distribution  of  Actinomy¬ 
ces  viscosus  and  Actinomyces  naeslundii  in  the  human  oral 
cavity.  Infection  and  Immunity  14,  1119-24. 

Figdor  D,  Sjogren  U,  Sorlin  S,  Sundqvist  G,  Nair  PNR  (1992) 
Pathogenicity  of  Actinomyces  israelii  and  Araclmia  propio- 
nica :  experimental  infection  in  guinea  pigs  and  phagocyto¬ 
sis  and  intraceilular  killing  by  human  polymorphonuclear 
leukocytes  in  vitro.  Oral  Microbiology  and  Immunology  7. 
129-36. 

Fukushima  II.  Moroi  H,  Inoue  J.  et  al.  (1992)  Phenotypic 
characteristics  and  DNA  relatedness  in  Prevotella  intermedia 
and  similar  organisms.  Oral  Microbiology  and  Immunology 
7.  60-4. 

Fukushima  H.  Yamamoto  K,  Hirohata  K,  Sagawa  H,  Leung 
K-P,  Walker  CB  (1990)  Localization  and  identification  of 
root  canal  bacteria  in  clinically  asymptomatic  periapical 
pathosis.  Journal  of  Endodontics  16.  534-8. 

Tang  G,  Yip  H-K,  Samaranayake  LP,  Chan  K-Y,  Luo  G,  Fang 
HHP  (2004)  Direct  detection  of  cell  surface  interactive 
forces  of  sessile,  fimbriated  and  non-fimbriated  Actinomy¬ 
ces  spp.  using  atomic  force  microscopy.  Archives  of  Oral 
Biology  49,  727-38. 

Happonen  R-P,  Soderling  E,  Viander  M,  Linko-Kettunen  L, 
Pelliniemi  LJ  (1985)  Immunocytochemical  demonstration 
of  Actinomyces  species  and  Araclmia  propionica  in  periapical 
infections.  Journal  of  Oral  Pathology  14,  405-13. 

Henssge  U,  Do  T,  Radford  DR,  Gilbert  SC,  Clark  D,  Beighton 
D  (2009)  Emended  description  of  Actinomyces  naeslundii 
and  descriptions  of  Actinomyces  oris  sp.  nov.  and 
Actinomyces  johnsonii  sp.  nov.,  previously  identified  as  Acti¬ 
nomyces  naeslundii  genospecies  1,  2  and  WVA  963.  Inter¬ 
national  Journal  of  Systematic  and  Evolutionary  Microbiology 
59,  509-16. 

Kalfas  S,  Figdor  D,  Endo  D,  Sundqvist  G  (2001)  A  new  bacte¬ 
rial  species  associated  with  failed  endodontic  treatment: 
identification  and  description  of  Actinomyces  radicidentis. 


Oral  Surgery,  Oral  Medicine,  Oral  Pathology,  Oral  Radiology, 
and  Endodontics  92,  208-14. 

Katoh  IC.  Toh  H  (2010)  Parallelization  of  the  MAFFT 
multiple  sequence  alignment  program.  Bioinformatics  26, 
1899-900. 

Kobayashi  H  (1995)  Airway  biofilm  disease:  clinical  manifes¬ 
tations  and  therapeutic  possibilities  using  macrolides.  Jour¬ 
nal  of  Infectious  Chemotherapy  1,  1-15. 

Kolenbrander  PE,  Egland  PG,  Diaz  PI,  Palmer  RJ  Jr 
(2005)  Genome-genome  interactions:  bacterial  communi¬ 
ties  in  initial  dental  plaque.  Trends  in  Microbiology  13, 
11-5. 

Latasa  C,  Solano  C,  Penades  JR.  Lasa  I  (2006)  Biofihn- 
associated  proteins.  Comptes  Rendus  Biologies  329,  849- 
57. 

Liaudet  L,  Erard  P,  Kaeser  P  (1996)  Cutaneous  and  muscu¬ 
lar  abscesses  secondary  to  Actinomyces  meyeri  pneumonia. 
Clinical  Infectious  Diseases  22,  185-6. 

Mishra  A,  Wu  C,  Yang  J,  Cisar  JO,  Das  A,  Ton-That  H 
(2010)  The  Actinomyces  oris  type  2  fimbrial  shaft  FirnA 
mediates  co-aggregation  with  oral  streptococci,  adherence 
to  red  blood  cells  and  biofilm  development.  Molecular 
Microbiology  77,  841-54. 

Nair  PNR  (2006)  On  the  causes  of  persistent  apical  peri¬ 
odontitis:  a  review.  International  Endodontic  Journal  39, 
249-81. 

Nair  PNR,  Brundin  M,  Sundqvist  G,  Sjogren  U  (2008) 
Building  biofilms  in  vital  host  tissues:  a  survival  strategy 
of  Actinomyces  radicidentis.  Oral  Surgery,  Oral  Medicine, 
Oral  Pathology,  Oral  Radiology  and  Endodontology  106, 
59  5-603. 

Nair  PNR,  Schroeder  HE  (1984)  Periapical  actinomycosis. 
Journal  of  Endodontics  10,  567-70. 

Nyvad  B,  Kilian  M  (1987)  Microbiology  of  the  early  coloniza¬ 
tion  of  human  enamel  and  root  surfaces  in  vivo.  Scandina¬ 
vian  Journal  of  Dental  Research  95,  369-80. 

O'Toole  GA,  Gibbs  KA,  Hager  PW,  Phibbs  PV  Jr,  Kolter  R 
(2000)  The  global  carbon  metabolism  regulator  Crc  is  a 
component  of  a  signal  transduction  pathway  required  for 
biofilm  development  by  Pseudomonas  aeruginosa.  Journal  of 
Bacteriology  182.  425-31. 

Paddick  JS,  Brailsford  SR,  Kidd  EAM,  Beighton  D  (2005) 
Phenotypic  and  genotypic  selection  of  microbiota  surviv¬ 
ing  under  dental  restorations.  Applied  and  Environmental 
Microbiology  71,  2467-72. 

Rocha  CT,  Rossi  MA.  Leonardo  MR,  Rocha  LB,  Nelson-Filho 
P,  Silva  LAB  (2008)  Biofilm  on  the  apical  region  of  roots 
in  primary  teeth  with  vital  and  necrotic  pulps  with  or 
without  radiographically  evident  apical  pathosis.  Interna¬ 
tional  Endodontic  Journal  41.  664-9. 

Ruhl  S,  Cisar  JO,  Sandberg  AL  (2000)  Identification  of 
polymorphonuclear  leukocyte  and  HL-60  cell  receptors  for 
adhesins  of  Streptococcus  gordonii  and  Actinomyces  naeslun¬ 
dii.  Infection  and  Immunity  68.  6346-54. 


©  2012  International  Endodontic  Journal 


International  Endodontic  Journal,  46,  145-154,  2013 


EPS-producing  A.  oris  Yamane  et  al. 


Ryder  C,  Byrd  M,  Wozniak  DJ  (2007)  Role  of  polysaccharides 
in  Pseudomonas  aeruginosa  biofilm  development.  Current 
Opinion  in  Microbiology  10.  644-8. 

Schwarzmann  S.  Boring  JR  III  (1971)  Antiphagocytic  effect 
of  slime  from  a  mucoid  strain  of  Pseudomonas  aeruginosa. 
Infection  and  Immunity  3.  762-7. 

Shankar  S,  Ye  RW,  Schlictman  D.  Chakrabarty  AM  (1995) 
Exopolysaccharide  alginate  synthesis  in  Pseudomonas  aeru¬ 
ginosa:  enzymology  and  regulation  of  gene  expression. 
Advances  in  Enzymology  and  Related  Areas  of  Molecular  Biol¬ 
ogy  70.  221-55. 

Siqueira  JF  Jr,  Ropas  IN  (2008)  Clinical  implications  and 
microbiology  of  bacterial  persistence  after  treatment  proce¬ 
dures.  Journal  of  Endodontics  34.  1291-301. 

Sumita  M,  Hoshino  E.  Iwakul  M  (1998)  Experimental  actino¬ 
mycosis  in  mice  induced  by  alginate  gel  particles  contain¬ 
ing  Actinomyces  israelii.  Endodontics  and  Dental 
Traumatology  14.  137-43. 

Sunde  PT,  Olsen  I,  Debelian  GJ.  Tronstad  L  (2002)  Microbi¬ 
ota  of  periapical  lesions  refractory  to  endodontic  therapy. 
Journal  of  Endodontics  28.  304-10. 

Sundqvist  G.  Reuterving  C-0  (1980)  Isolation  of  Actinomyces 
israelii  from  periapical  lesion.  Journal  of  Endodontics  6, 
602-6. 

Tanner  A,  Maiden  MFJ,  Paster  BJ.  Dewhirst  FE  (1994)  The 
impact  of  1 6S  ribosomal  RNA-based  phylogeny  on  the  tax¬ 
onomy  of  oral  bacteria.  Periodontology  2000  5.  26-51. 

Vuong  C,  Kocianova  S,  Voyich  JM.  et  al.  (2004)  A  crucial 
role  for  exopolysaccharide  modification  in  bacterial  biofilm 
formation,  immune  evasion,  and  virulence.  The  Journal  of 
Biological  Chemistry  279,  54881-6. 

Wai  SN,  Mizunoe  Y,  Takade  A,  Kawabata  S-I,  Yoshida  S-I 
(1998)  Vibrio  cholerae  01  strain  TSI-4  produces  the  exo¬ 
polysaccharide  materials  that  determine  colony  morphol¬ 


ogy,  stress  resistance,  and  biofilm  formation.  Applied  and 
Environmental  Microbiology  64,  3648-55. 

Wu  J,  Xi  C  (2009)  Evaluation  of  different  methods  for 
extracting  extracellular  DNA  from  the  biofilm  matrix. 
Applied  and  Environmental  Microbiology  75.  5390-5. 

Yamanaka  T,  Furukawa  T.  Matsumoto-Mashimo  C,  et  al. 
(2009)  Gene  expression  profile  and  pathogenicity  of  bio- 
film-forming  Prevotella  intermedia  strain  17.  BMC  Microbi¬ 
ology  11,  1-15. 

Yamanaka  T,  Sumita-Sasazaki  Y,  Sugimori  C,  et  al.  (2010) 
Biofilm-like  structures  and  pathogenicity  of  Escherichia  her- 
mannii  YS-11,  a  clinical  isolate  from  a  persistent  apical 
periodontitis  lesion.  FEMS  Immunology  and  Medical  Micro¬ 
biology  59.  456-65. 

Yamane  K,  Nambu  T.  Yamanaka  T.  et  al.  (2010)  Complete 
genome  sequence  of  Rothia  mucilaginosa  DY-18:  a  clinical 
isolate  with  dense  meshwork-like  structures  from  a  persis¬ 
tent  apical  periodontitis  lesion.  Sequencing  2010,  1-6. 

Yamane  K,  Ogawa  K,  Yoshida  M,  et  al.  (2009)  Identifica¬ 
tion  and  characterization  of  clinically  isolated 
biofilm-forming  gram-positive  rods  from  teeth  associated 
with  persistent  apical  periodontitis.  Journal  of  Endodontics 
35.  347-52. 

Yamane  K,  Yamanaka  T,  Yamamoto  N,  et  al.  (2005)  A 
novel  exopolysaccharide  from  a  clinical  isolate  of  Prevotella 
nlgrescens :  purification,  chemical  characterization  and  pos¬ 
sible  role  in  modifying  human  leukocyte  phagocytosis. 
Oral  Microbiology  and  Immunology  20,  1-9. 

Yasuda  II.  Koga  T,  Fukuoka  T  (1999)  In  vitro  and  in  vivo 
models  of  bacterial  biofilms.  Methods  in  Enzymology  310, 
577-95. 

Yeung  MK  (1999)  Molecular  and  genetic  analyses  of  Actino¬ 
myces  spp.  Critical  Reviews  in  Oral  Biology  and  Medicine  10. 
120-38. 


International  Endodontic  Journal,  46,  145-154,  2013 


2012  International  Endodontic  Journal 


